Abstract: Diamond-like carbon is one of the most studied and used solid lubricants on the market. Despite this large use and its outstanding mechanical and tribological properties, there are still some unclear aspects related to its self-lubricant properties, and some drawbacks in the deposition methods. We deposited "soft" DLC films on Si(100), iron, and stainless steel substrates by PVD magnetron sputtering technique with a Cr/CrN adhesive interlayer. The DLC films were characterized from a chemical, mechanical, and tribological point of view. Our aim was to connect the coating chemical and mechanical characteristics to the different conditions used for the deposition, such as discharge power and substrate-target distance. We found a stronger sp 3 dependence on the discharge power for DLC deposited closer to the target. The tribological results did not depend on the chosen substrate-target distance, but rather on the hardness of the substrate. This could be ascribed to the better mechanical coupling of soft DLC films on harder substrates.
Introduction
In several industries, such as automotive and packaging, diamond-like carbon (DLC) films have become a winning choice for engineering and modification of mating surfaces because of their excellent tribological performances, such as low friction and high wear resistance [1] [2] [3] . Since carbon atoms are able to form a great variety of crystalline and disordered structures, carbon-based materials could provide a wide range of different properties [4, 5] . Carbon atoms could arrange in three hybridization states, so these could form very different structures, such as graphite and diamond, characterized by 100% sp 2 and 100% sp 3 hybridization, respectively. Graphite is the thermodynamically preferred structure at room temperature (RT). Its structure consists in hexagonal basal planes with strong covalent in-plane bonds and weak van der Waals out-off-plane bonds justifying the low coefficient of friction (CoF) of graphite [6, 7] . Conversely, diamond is organized in a tetrahedral structure, where each atom is covalent bonded to the other three. This ensures the highest hardness in nature, an extremely efficient thermal conductivity and an electrical insulator behavior [6, 8, 9] . The DLC structure lies in between the above-mentioned structures, as it shows a mixture of sp 2 and sp 3 hybridization, whose ratio determines the DLC properties as explained by the two-phase model [4, [10] [11] [12] [13] . This tunable phase allows the DLC film to obtain outstanding properties such as low friction coefficient, high mechanical hardness, good wear resistance, biocompatibility, chemical inertness, optical transparency in the infrared region, DLC, we used Si(100) wafers as substrates, while for tribological tests we chose disks made of either AISI 304 stainless steel or iron (99.98% pure), whose hardness varied from 1.7 to 2.1 GPa and from 0.3 to 0.5 GPa, respectively. Before deposition, disks were all polished in order to obtain a 30 nm surface average roughness. The substrates were ultrasonically cleaned for 6 min in acetone followed by 6 min of ultrasonic cleaning in ethanol and dried with a compressed filtered airflow. We grew a Cr/CrN interlayer to improve the DLC coating adhesion to the substrates using the same deposition setup [40] . For the Cr layer, the RF magnetron sputtering technique was used (200 W RF discharge power), while reactive sputtering was employed to deposit a CrN film (200 W RF discharge power, 5 sccm N 2 flow), for a total thickness of 200 nm. For the deposition phase, a base pressure of about 3 × 10 −2 mbar was achieved, filling the chamber with Ar gas (99.99% pure). To change the coating properties, two extreme positions of the substrate holder were chosen, corresponding to 18 and 6 cm gaps and labeled respectively as Z max and Z min . We highlighted a strong film thickness dependence on the radial distance from the target center, as can be seen in Appendix A. After the deposition, the'coating roughness was checked via a mechanical profilometer (P-6 stylus KLA Tecnor equipped with a microhead 5XR) and the thickness of the film was estimated measuring the film step height of a semi-shield co-deposited Si(100) wafer. This was also used to test the chemical composition by means of X-ray photoelectron spectroscopy (XPS).
Methods

X-ray Photoelectron Spectroscopy
The equipment employed in this research consist of a hemispherical electron energy analyzer (PHOIBOS HSA3500 150, SPECS GmbH, Berlin, Germany). The X-ray source was the MgKα emission line (1253.6 eV). The survey scan, collected to identify elements present in the sample, was characterized by an energy resolution of 1 eV, while the high resolution scans of some selected peaks were obtained in order to determine a more comprehensive picture of the chemical composition (0.1 eV energy resolution, final spectrum as the sum of 15 spectra). The XPS measurements were limited to the surface analysis.
Raman Spectroscopy
Raman characterization of the DLC deposited on silicon substrates was performed using a commercial Jobin-Yvon microscope Raman LABRAM (HORIBA France SAS, Palaiseau, France), equipped with a He-Ne laser (632.81 nm, 20 mW). The laser spot size was about 4 µm wide, while we chose an accumulation time of 10 s. The wavenumber range investigated started from 200 cm −1 to end at 3000 cm −1 .
Mechanical Tests
The hardness (H) was measured using a Berkovich indenter (Open Platform device, CSM Instruments SA, Graz, Austria) [23, 41] . Hardness was computed from the loading-unloading curves using the Oliver-Pharr procedure [42] . Test conditions included an indenter approach speed about 3000 nm/min, an acquisition frequency of 45 Hz, and 15 s of holding at maximum load. The penetration depth never exceeded 10% of the total coating thickness, so substrate effects were negligible. Discontinuities observed in the load-displacement curve of the coated system indicate coating fractures occurring during loading [10, 43] .
The adhesion of the DLC coating was qualitatively determined by a scratch test, with a constant scratch length of 6 mm and the applied load linearly increased at a rate of 10 N/min (tip speed: 1 mm/min, force range: 20 mN-30 N). The instrument was equipped with a Rockwell C diamond tip of 200 µm of diameter. The normal loads at which appreciable coating damages appear are referred to as critical loads (L c ) [10, 44] . The occurrence of lateral cracks is denoted as L c1 , lateral hollows as L c2 , central delamination as L c3 , and total delamination as L c4 or L delam [45] [46] [47] . 
Tribological Tests
Tribological investigations of the deposited films were performed using a commercial tribometer UMT-2 in a ball-on-disk configuration mounting a lateral force sensor with a 0.05-5 N range, at a constant linear velocity of 0.1 m/s and a nominal load of 1 N. A precision spindle can rotate the lower specimen at speeds from 0.001 to 5000 rpm. The forces can be measured with a resolution of 0.05 N. As a counterpart to all tribological tests, a 100Cr6 ball (Ø = 4 mm, RMS ≈ 30 nm) was used. In this configuration, the initial Hertzian contact pressure is approximately 800 MPa. Tribological measurements were performed in different environments: humid air and dry nitrogen (purity of dry N 2 = 5.0). A hygrometer, placed near the testing head, was used to estimate the relative humidity for the tests in humid air. In the last case, tests were performed in a smaller vessel saturated with dry nitrogen, in which a continuous flow of gas during tests was guaranteed. As said previously, the surfaces were analyzed by Raman spectroscopy inside and outside the wear tracks before and after the tests. The wear tracks and the counterpart ball were both observed via optical microscope, and the morphological alteration induced by sliding was tested via a profilometer. The disk-specific wear rate was deduced from the cross section of the wear track (S), the circumference length (d = 2πR), the applied load (L) and the number of cycles (n) as k = Sd/(Ln), whereas the specific wear rate of the counterpart ball was calculated by the observation of the ball wear average radius (a), used to evaluate the wear volume (V), together with the ball radius (r) and the total test length (l), k ball = V/(Ll), where V = π/ 6 × (h 2 + 3a 2 )h, and h = r − √ r 2 − a 2 .
Results and Discussion
Chemical and Mechanical Characterization
The first chemical characterization of the surface of DLC films was realized via XPS. Specifically, XPS analyses were performed in order to obtain information on the DLC composition and to estimate the carbon hybridization state, to be compared to the results of Raman analysis. The obtained spectra of the C1s peak were fitted using multi pseudo-Voigt functions [48] . The peaks centered at 284.5 and 285.5 eV are assigned to the sp 2 and sp 3 hybridization states, respectively [19] . The last broad peak in the binding energy range of 286-289 eV is due to C-O (or C=O) bonds, but the C-O component at 286.5 eV is in general dominant [14, 49] . The Raman spectra were collected for all possible combinations of the selected deposition parameters (discharge power and substrate-target distance) was summarized in Table 1 . As reported in Figure 1 , the carbon and oxygen concentration showed univocal trends with increasing discharge power. The oxygen content decreased, moving from 100 to 500 W, while the carbon content increased. The trend was analogous for the two vertical positions, even though the relation was more pronounced at Z min . Similarly to the deposition rate radial inhomogeneity, the DLC chemical composition was more susceptible to the other deposition parameter changes if the substrate-target distance was minimal. In fact, the oxygen concentration reduction was about 44% for the Z min group and~14% for the Z max group, while the carbon increase was about 8% and 3%, respectively. The maximum distance corresponds to empty symbols, while the minimum distance corresponds to plain markers. The error on the element concentration via XPS is about 0.5%.
The sp 3 content derived from the XPS analysis, reported in the fourth column of Table 1 , seemed to increase for higher discharge power. The variation appeared to be stronger for DLC films deposited at Zmax and to lead to a saturation of the tetrahedral component for both substrate-target distances (figure not shown). However, this trend was in contrast with the results obtained with the indentation tests. This undesired aspect was probably due to the high oxygen concentration, due to the environmental contamination in the first layers, as the XPS apparatus was not equipped with a system to clean the first layers of the sample surface. As the oxygen content was relatively high, the sp 3 fraction derived from the XPS analysis could not be considered reliable [50] .
The Raman analysis was alternatively employed to provide an insight on the structural arrangement of the carbon atoms in the DLC coating. In fact, the Raman spectrum of DLC consists of two broad peaks around 1345-1355 cm −1 and 1570-1590 cm −1 , the D and G bands respectively [14, 17] . The D band is associated with the breathing modes of the sp 2 atoms in rings, while the G band is due to the stretching vibrations of sp 2 C-C bonds in both chains and rings. Raman spectroscopy employing visible sources has a higher cross section for the sp 2 sites [17, 22] . The I(D)-I(G) ratio, which usually ranges from 0.8 to 3.5, increases as the sp 2 phase grows, so the sp 3 content drops [12, 14, 41] . Two examples of Raman spectra are shown in Figure 2 , where graph (a) refers to the DLC film deposited at 500 W and closer to the target (Zmin), while the spectrum in (b) belonged to the DLC coating realized at 500 W and at Zmax. Additional consideration derived from the Raman analysis are collected in Appendix B.
On the contrary, Raman analysis provided valuable information on the variation of the sp 3 content as a function of the discharge power, as shown with black markers in Figure 3 . The sp 3 content derived from the XPS analysis, reported in the fourth column of Table 1 , seemed to increase for higher discharge power. The variation appeared to be stronger for DLC films deposited at Z max and to lead to a saturation of the tetrahedral component for both substrate-target distances (figure not shown). However, this trend was in contrast with the results obtained with the indentation tests. This undesired aspect was probably due to the high oxygen concentration, due to the environmental contamination in the first layers, as the XPS apparatus was not equipped with a system to clean the first layers of the sample surface. As the oxygen content was relatively high, the sp 3 fraction derived from the XPS analysis could not be considered reliable [50] .
The Raman analysis was alternatively employed to provide an insight on the structural arrangement of the carbon atoms in the DLC coating. In fact, the Raman spectrum of DLC consists of two broad peaks around 1345-1355 cm −1 and 1570-1590 cm −1 , the D and G bands respectively [14, 17] . The D band is associated with the breathing modes of the sp 2 atoms in rings, while the G band is due to the stretching vibrations of sp 2 C-C bonds in both chains and rings. Raman spectroscopy employing visible sources has a higher cross section for the sp 2 sites [17, 22] . The I(D)-I(G) ratio, which usually ranges from 0.8 to 3.5, increases as the sp 2 phase grows, so the sp 3 content drops [12, 14, 41] . Two examples of Raman spectra are shown in Figure 2 , where graph (a) refers to the DLC film deposited at 500 W and closer to the target (Z min ), while the spectrum in (b) belonged to the DLC coating realized at 500 W and at Z max . Additional consideration derived from the Raman analysis are collected in Appendix B.
On the contrary, Raman analysis provided valuable information on the variation of the sp 3 content as a function of the discharge power, as shown with black markers in Figure 3 . The I(D)-I(G) ratio was almost insensitive to the power supply variation for the Z max vertical geometry, in agreement with the slight change in film composition determined via XPS. On the other hand, at Z min the I(D)/I(G) increase was considerable, as it varied from 0.9 to 1.63. This showed that a higher power supply would lead to a more graphitic DLC, as corroborated by the hardness measurement also shown in Figure 2 with blue squares. This could be explained by an excess of energy of the incident carbon atoms, which caused a graphitization of the coating according to the subplantation model [51] . Concerning the hardness of DLC films deposited at Z max (empty blue circles in Figure 3 ), its trend had a slight dependence on the discharge power, showing a minimal increase. On the one hand, this agrees with the negligible variation of the I(D)-I(G) ratio with the power supply. On the other hand, according to the subplantation model, the increase in the discharge power, keeping the maximum substrate-target distance, would optimize the incident ion energy enhancing the sp 3 content in the film and its hardness [15] .
The robust agreement between the decrease of the I(D)-I(G) ratio with increasing DLC hardness, displayed in Figure 4 , supported the decision to discard the sp 3 concentration determined by XPS analysis in favor of the trend derived by Raman spectroscopy.
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The I(D)-I(G) ratio was almost insensitive to the power supply variation for the Zmax vertical geometry, in agreement with the slight change in film composition determined via XPS. On the other hand, at Zmin the I(D)/I(G) increase was considerable, as it varied from 0.9 to 1.63. This showed that a higher power supply would lead to a more graphitic DLC, as corroborated by the hardness measurement also shown in Figure 2 with blue squares. This could be explained by an excess of energy of the incident carbon atoms, which caused a graphitization of the coating according to the subplantation model [51] . Concerning the hardness of DLC films deposited at Zmax (empty blue circles in Figure 3) , its trend had a slight dependence on the discharge power, showing a minimal increase. On the one hand, this agrees with the negligible variation of the I(D)-I(G) ratio with the power supply. On the other hand, according to the subplantation model, the increase in the discharge power, keeping the maximum substrate-target distance, would optimize the incident ion energy enhancing the sp 3 content in the film and its hardness [15] .
The robust agreement between the decrease of the I(D)-I(G) ratio with increasing DLC hardness, displayed in Figure 4 , supported the decision to discard the sp 3 concentration determined by XPS analysis in favor of the trend derived by Raman spectroscopy. A linear relation linked the decrease of the I(D)-I(G) ratio with the increasing DLC hardness, as clarified with the red dashed fit in the graph. All the measurements presented before concern DLC films deposited on silicon substrates, both for the chemical characterization and the hardness measurements. The determined hardness was valid independently from the substrate. It is worth noting that the hardness values found were a few MPa, suggesting a graphite-like nature of the deposited films [15] .
We decided to examine the coating adhesion and, then, the tribological properties of DLC films deposited at 500 W DC discharge power. The results are displayed in Figure 5 . Concerning the adhesion measurements reported in the following, the DLC films tested were deposited on pure iron and stainless steel substrates. A linear relation linked the decrease of the I(D)-I(G) ratio with the increasing DLC hardness, as clarified with the red dashed fit in the graph. All the measurements presented before concern DLC films deposited on silicon substrates, both for the chemical characterization and the hardness measurements. The determined hardness was valid independently from the substrate. It is worth noting that the hardness values found were a few MPa, suggesting a graphite-like nature of the deposited films [15] .
We decided to examine the coating adhesion and, then, the tribological properties of DLC films deposited at 500 W DC discharge power. The results are displayed in Figure 5 . Concerning the adhesion measurements reported in the following, the DLC films tested were deposited on pure iron and stainless steel substrates. It was clearly visible from the graph that the adhesion on the iron substrate was worse, in particular if the coating was deposited at the maximum distance from the target. The better adhesion obtained for stainless steel substrates could be linked to the lower mismatch between the mechanical properties of DLC and AISI 304 steel, compared to pure iron ones. This result was in agreement with the higher adhesion of soft-DLC films on hard substrates found by Owens et al. [52] .
In addition, relative to the same substrate, higher critical loads were achieved for DLC films deposited closer to the target. This could be due to the more graphitic nature of the DLC film and, thus, its lower residual stresses.
Tribological Tests
As already mentioned, the tribological analysis on the DLC coatings was realized just for the DLC films deposited at 500 W of discharge power on both pure iron and stainless steel substrates. In Figure 6 , the results for ball-on-disk tests for DLC on iron specimens are presented. The tribological responses to diverse test environments of DLC films deposited at different substrate-target distances were comparable. In fact, in both cases the DLC films had a lower CoF for tests in humid air (blue and black curves), while their behavior in the nitrogen atmosphere was detrimental, leading to a friction higher than in metal-on-metal dry contact (red and orange curves).
The analogous tests realized for DLC on stainless steel substrates are shown in Figure 7 . As a matter of fact, for both vertical positions of the substrate holder the DLC films had a lower CoF for tests in the nitrogen atmosphere (red and orange curves), while the behavior in humid air led to a slightly higher friction coefficient but still lower than that of steel-on-steel systems (blue and black curves). The difference in the absolute values of the CoF for Zmin and Zmax, DLC films was almost negligible for the stainless steel substrates, unlike the iron substrate case, which was consistent with their similar critical loads. It was clearly visible from the graph that the adhesion on the iron substrate was worse, in particular if the coating was deposited at the maximum distance from the target. The better adhesion obtained for stainless steel substrates could be linked to the lower mismatch between the mechanical properties of DLC and AISI 304 steel, compared to pure iron ones. This result was in agreement with the higher adhesion of soft-DLC films on hard substrates found by Owens et al. [52] .
The analogous tests realized for DLC on stainless steel substrates are shown in Figure 7 . As a matter of fact, for both vertical positions of the substrate holder the DLC films had a lower CoF for tests in the nitrogen atmosphere (red and orange curves), while the behavior in humid air led to a slightly higher friction coefficient but still lower than that of steel-on-steel systems (blue and black curves). The difference in the absolute values of the CoF for Z min and Z max , DLC films was almost negligible for the stainless steel substrates, unlike the iron substrate case, which was consistent with their similar critical loads. . Ball-on-disk tests for DLC films deposited at Zmin and Zmax on pure iron substrates. The friction tests were performed at RT in humid air (blue and black curves) and a nitrogen atmosphere (red and orange curves), for Zmin and Zmax DLC films, respectively. It is worth noting that the tests in the nitrogen atmosphere were stopped after reaching the steady state, as the coating failure has already happened.
Figure 7.
Ball-on-disk tests for DLC films deposited at the maximum and minimum substrate-target distance on stainless steel substrates. The friction tests were performed at RT in humid air (blue and black curves) and a nitrogen atmosphere (red and orange curves), for Zmin and Zmax DLC films, respectively. For the DLC film deposited at Zmin, the beginning of the nitrogen flow was postponed to observe the passage between sliding in the air and in an inert atmosphere.
Finally, the comparison of the tribological results for DLC films deposited at Zmin on both pure iron and stainless steel substrates revealed unexpected behavior. For this comparison, we group in Figure 8 the curves in blue (tribological test in humid air) and in purple (tribological test in the nitrogen atmosphere) derived from Figure 6 ; Figure 7 , respectively, for DLC deposited on iron and stainless steel substrates. Even when the DLC coatings were grown using the same deposition Figure 6 . Ball-on-disk tests for DLC films deposited at Z min and Z max on pure iron substrates. The friction tests were performed at RT in humid air (blue and black curves) and a nitrogen atmosphere (red and orange curves), for Z min and Z max DLC films, respectively. It is worth noting that the tests in the nitrogen atmosphere were stopped after reaching the steady state, as the coating failure has already happened.
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Finally, the comparison of the tribological results for DLC films deposited at Z min on both pure iron and stainless steel substrates revealed unexpected behavior. For this comparison, we group in Figure 8 the curves in blue (tribological test in humid air) and in purple (tribological test in the nitrogen atmosphere) derived from Figure 6 ; Figure 7 , respectively, for DLC deposited on iron and stainless steel substrates. Even when the DLC coatings were grown using the same deposition parameters, the final tribological response showed a different reaction to the test environment. While the DLC on iron had a lower CoF in humid air and dramatically failed in the nitrogen atmosphere, the DLC on stainless steel did not present an abrupt collapse in either of the environments and exhibited a lower CoF in an N 2 atmosphere. parameters, the final tribological response showed a different reaction to the test environment. While the DLC on iron had a lower CoF in humid air and dramatically failed in the nitrogen atmosphere, the DLC on stainless steel did not present an abrupt collapse in either of the environments and exhibited a lower CoF in an N2 atmosphere.
Figure 8.
Comparison of the friction tests for DLC films deposited at Zmin on both pure iron and stainless steel substrates. The tribological tests were performed at RT in humid air (blue and black curves) and a nitrogen atmosphere (red and magenta curves), for DLC deposited on iron and stainless steel substrates, respectively. It is worth noting that for the DLC on the iron substrate the test in the nitrogen atmosphere (red curve) was stopped after the steady state had been reached, since the coating failure had already happened. For the DLC film deposited on the stainless steel substrate, the beginning of the nitrogen flow was postponed to observe the passage between sliding in the air and in the inert atmosphere.
This atypical behavior might be explained by a different hydrogen concentration in DLC grown on steel and iron substrates. This theory would assimilate the first to a hydrogenated DLC, while the second one to a hydrogen-free coating. As reported by Donnet et al. [15] , the hydrogen concentration in DLC coating plays a fundamental role on the friction coefficient [53, 54] . A higher hydrogen content embedded in the DLC film during the deposition phase leads to a worse tribological performance of the coating if tested in humid air (O-, OH-, or H-rich test atmospheres) [53, 55] . However, as the deposition parameters were kept the same and the growth of DLC films on different substrates were alternated, we would not expect a difference in the chemical composition so marked to justify such a different tribological behavior. A more probable explanation could be given considering the different mechanical coupling of the DLC film with the substrate material. In fact, the different tribological response could be linked to the difference in substrate hardness. The pure iron substrate, having a low hardness, could not provide an adequate mechanical support for the DLC coating and undergo plastic deformations, as opposed to the steel substrate. It is well known that the substrate hardness, as well as its elastic modulus, is a key parameter in the coupling of a thin film and the substrate [56, 57] . The mechanical matching of coating and substrate is fundamental to assure good tribological performances. Multiple authors have reported that, if a DLC film were coupled with a softer substrate, this latter could easily undergo plastic deformation during sliding leading to a change in the shear stress distribution at the interface [57] [58] [59] . Moreover, if the soft substrate, such as pure iron disks, bends, it may increase both friction and wear [59] . Finally, it is worth noting that a role could be played by the iron oxide layer formed at the surface of Figure 8 . Comparison of the friction tests for DLC films deposited at Z min on both pure iron and stainless steel substrates. The tribological tests were performed at RT in humid air (blue and black curves) and a nitrogen atmosphere (red and magenta curves), for DLC deposited on iron and stainless steel substrates, respectively. It is worth noting that for the DLC on the iron substrate the test in the nitrogen atmosphere (red curve) was stopped after the steady state had been reached, since the coating failure had already happened. For the DLC film deposited on the stainless steel substrate, the beginning of the nitrogen flow was postponed to observe the passage between sliding in the air and in the inert atmosphere.
This atypical behavior might be explained by a different hydrogen concentration in DLC grown on steel and iron substrates. This theory would assimilate the first to a hydrogenated DLC, while the second one to a hydrogen-free coating. As reported by Donnet et al. [15] , the hydrogen concentration in DLC coating plays a fundamental role on the friction coefficient [53, 54] . A higher hydrogen content embedded in the DLC film during the deposition phase leads to a worse tribological performance of the coating if tested in humid air (O-, OH-, or H-rich test atmospheres) [53, 55] . However, as the deposition parameters were kept the same and the growth of DLC films on different substrates were alternated, we would not expect a difference in the chemical composition so marked to justify such a different tribological behavior. A more probable explanation could be given considering the different mechanical coupling of the DLC film with the substrate material. In fact, the different tribological response could be linked to the difference in substrate hardness. The pure iron substrate, having a low hardness, could not provide an adequate mechanical support for the DLC coating and undergo plastic deformations, as opposed to the steel substrate. It is well known that the substrate hardness, as well as its elastic modulus, is a key parameter in the coupling of a thin film and the substrate [56, 57] . The mechanical matching of coating and substrate is fundamental to assure good tribological performances. Multiple authors have reported that, if a DLC film were coupled with a softer substrate, this latter could easily undergo plastic deformation during sliding leading to a change in the shear stress distribution at the interface [57] [58] [59] . Moreover, if the soft substrate, such as pure iron disks, bends, it may increase both friction and wear [59] . Finally, it is worth noting that a role could be played by the iron oxide layer formed at the surface of the iron disk before the deposition step [60, 61] . This is still an open point in our research and will be the subject of further investigation.
Wear Measurements
The wear measurements support the reasoning just elaborated. The optical images were collected after the tribological tests. Those concerning the counterparts, reported in Figure 9 , were employed to verify the presence of transferred material (tribofilm and graphitic powder), while those of the cleaned ball surfaces (not shown) were used to estimate the ball worn cup average radius. As shown in Figure 9b , for a DLC film on iron substrate sliding in a nitrogen atmosphere, the observation of the counterpart ball after the friction test revealed the minimal formation of a transfer film, which is indeed fundamental to achieve a low CoF in this kind of system [38] . The counterpart ball seemed to suffer corrosive wear, rather than an abrasive one. On the contrary, the optical images of the other counterparts presented a graphitic transfer film, as shown in Figure 9a,c,d .
Moreover, the ball wear average radii related to the DLC samples deposited on iron disks were slightly higher than those of DLC films on stainless steel substrates, as reported in Table 2 . The formation of a tribofilm corresponded to a low CoF and to a reduced specific wear rate of the coated disks, as listed in Table 3 . Even the wear tracks, observed with an optical microscope, appeared less marked when a tribofilm formed, as shown in Figure 10a,c,d. the subject of further investigation.
The wear measurements support the reasoning just elaborated. The optical images were collected after the tribological tests. Those concerning the counterparts, reported in Figure 9 , were employed to verify the presence of transferred material (tribofilm and graphitic powder), while those of the cleaned ball surfaces (not shown) were used to estimate the ball worn cup average radius. As shown in Figure 9b , for a DLC film on iron substrate sliding in a nitrogen atmosphere, the observation of the counterpart ball after the friction test revealed the minimal formation of a transfer film, which is indeed fundamental to achieve a low CoF in this kind of system [38] . The counterpart ball seemed to suffer corrosive wear, rather than an abrasive one. On the contrary, the optical images of the other counterparts presented a graphitic transfer film, as shown in Figures 9a,c,d .
Moreover, the ball wear average radii related to the DLC samples deposited on iron disks were slightly higher than those of DLC films on stainless steel substrates, as reported in Table 2 . The formation of a tribofilm corresponded to a low CoF and to a reduced specific wear rate of the coated disks, as listed in Table 3 . Even the wear tracks, observed with an optical microscope, appeared less marked when a tribofilm formed, as shown in Figures 10a,c,d . In fact, the wear track of the DLC on iron tested in the nitrogen atmosphere (Figure 10b ) was much more evident than those relative to the other test-coupling conditions.
To better appreciate the differences in the wear rate for the tribological tests displayed in Figure 10 , the profiles of the wear tracks, obtained using a stylus profiler, are shown in Figure 11 . The worn area is highlighted in red for easier viewing.
after the surface cleaning.
Substrate Material Test Atmosphere Average Radius (μm)
iron substrate humid air ~230 N 2 atm ~540 steel substrate humid air ~190 N 2 atm ~320 In fact, the wear track of the DLC on iron tested in the nitrogen atmosphere (Figure 10b ) was much more evident than those relative to the other test-coupling conditions.
To better appreciate the differences in the wear rate for the tribological tests displayed in Figure  10 , the profiles of the wear tracks, obtained using a stylus profiler, are shown in Figure 11 . The worn area is highlighted in red for easier viewing. A possible development of the wear analysis would be the potentiodynamic polarization test [62] [63] [64] . As mentioned by Papakonstantinou et al. [62] , it would help to link the wear observed for DLC films in different test atmospheres with the corrosion resistance and inertness degree of these coatings. A future improvement in the study of friction and wear performances of DLC deposited by magnetron sputtering will involve a TEM investigation of cross sections of wear tracks and the wear debris collected after testing [45, 46] . As reported by Chang et al., the TEM analysis of the transfer layer has given valuable insight on the graphitic-or diamond-like nature of the carbon films formed on the counterpart after a tribological test [45] . A possible development of the wear analysis would be the potentiodynamic polarization test [62] [63] [64] . As mentioned by Papakonstantinou et al. [62] , it would help to link the wear observed for DLC films in different test atmospheres with the corrosion resistance and inertness degree of these coatings. A future improvement in the study of friction and wear performances of DLC deposited by magnetron sputtering will involve a TEM investigation of cross sections of wear tracks and the wear debris collected after testing [45, 46] . As reported by Chang et al., the TEM analysis of the transfer 
Conclusions
The study of the DLC coating produced by magnetron sputtering was composed by the optimization of the deposition phase, the chemical and mechanical analyses of the deposited coatings and their tribological validation. The XPS analysis of the DLC films deposited at different powers revealed a decrease in the oxygen concentration when the deposition power changed from 100 to 500 W. This trend was more pronounced for DLC films deposited at Z min . The sp 3 phase determination was deduced by the Raman analysis of the G and D bands associated with the indentation hardness measurement. While the sp 3 phase content was almost constant with the discharge powers for DLC deposited at Z max , it decreased when the supply power for coatings deposited at Z min changed from 200 to 500 W. This latter phenomenon could be linked to an excess of energy of the incident carbon atoms, which caused a graphitization of the DLC film. For the tribological tests, we employed pure iron and stainless steel substrates and DLC films deposited at 500 W for both substrate-target distances. The ball on disk tests show that the tribological performances do not depend on the substrate-target distance. However, the tribological results for DLC films deposited on pure iron and stainless substrates showed different properties, although the DLC films were deposited using the same deposition parameters. In fact, the DLC coating deposited on the iron substrate showed a lower CoF in humid air and failed in the nitrogen atmosphere, while the DLC film on stainless steel disks did not collapse in either of the environments showing a lower CoF in the N 2 atmosphere. This behavior could be explained considering the different mechanical coupling of the DLC film with the substrate material (higher adhesion on steel), together with the absence of a transfer layer on the counterpart ball in the case of DLC deposited on iron and tested in the nitrogen atmosphere. 
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Appendix A
As can be seen in Figure A1a , the possible film thickness inhomogeneity was stronger when the substrate was closer to the target, i.e., the substrate holder height was minimum (Z min ), corresponding to black squares in the graph. The radial dependence for the deposition rate of CrN and DLC films realized at the minimum substrate height are reported in Figures A1b and A2 , respectively. . Deposition rate (at 200 W RF) of (a) chromium for both maximum (blue triangles) and minimum (black circles) substrate-target distance and (b) CrN for the minimum substrate-target distance. The deposition rate is reported as a function of the radial distance from the center of the target, considering the positive values as points closer to the chamber wall and negative ones heading to the center of the deposition chamber.
Concerning the dependence on the discharge power supply, a decrease in the deposition rate decreasing the supply power was observed, which implies both a longer deposition duration and a limited film thickness. The principal deposition rates are listed in Table A1 .
radial distance from the center of the target, considering the positive values as points closer to the chamber wall and negative ones heading to the center of the deposition chamber.
Concerning the dependence on the discharge power supply, a decrease in the deposition rate decreasing the supply power was observed, which implies both a longer deposition duration and a limited film thickness. The principal deposition rates are listed in Table A1 . Figure A2 . Deposition rate (at 500 W DC) of DLC film for the minimum substrate-target distance in correspondence of the target. The deposition rate is reported as a function of the radial distance from the center of the target, considering the negative values as points closer to the chamber wall and positive ones heading to the center of the deposition chamber. 
Appendix B
Raman spectroscopy has been widely used to evaluate the amount of sp 3 -hybridized C in DLC coatings [17] . Besides the intensity ratio between the D and G bands, I(D)/I(G), displayed in Section 3.1, the position of the G band, Pos(G), could provide information on the tetrahedral phase [17, 41, 65, 66] . In fact, as the amount of sp 3 C-C bonds increases, the G band moves towards a lower wavenumber. Furthermore, a monotonic but non-linear relation between the sp 3 content and the FWHM(G) has been observed in hydrogen-free DLC [67] .
Even if less explicit than the intensity ratio, the insight about the decrease of the sp 3 content for DLC films deposited at Z min using 500 W of discharge power could be derived also from the decrease in the FWHM of the G-band and its shift to higher wavenumbers, as can be seen in Table A2 . 
